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RNA–Protein Interactions That
Regulate Pre-mRNA Splicing
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Splicing of nuclear precursor messenger RNAs is an important and ubiquitous type of gene regulation in metazo-
ans. Splicing joins the coding sequences called exons by removing the intervening noncoding sequences, introns,
from primary transcripts. Alternative splicing generates an enormous repertoire of functional diversity by produc-
ing multiple RNAs and proteins from a single gene. In fact, recent genome sequences from several organisms
suggest that splicing regulation is likely to provide an important source of functional diversity in more complex
organisms. Because splice sites are short sequences at the ends of introns, the functional splice sites have to be
distinguished from an excessively large number of sequences in the primary transcripts that resemble a splice
site. Furthermore, alternative splice sites have to be correctly chosen at appropriate times. Thus, selection of
proper splice sites remains a daunting biological problem. This review focuses on a few examples in which the
molecular and biochemical basis for splice site selection is better understood.

RNA binding proteins Splicing factors Enhancers Silencers Small nuclear ribonucleoprotein
Alternative splicing Exon definition Polypyrimidine tract Combinatorial control

RECENT genome sequences of vertebrates and in- to remove introns and join exons together before
translation into protein. Interestingly, it is estimatedvertebrates have unexpectedly revealed that in more

complex organisms there may be fewer genes than that at least 30% of the human genes are alternatively
spliced to generate multiple forms of mRNA, andexpected from the DNA content or the complexity of

an organism. For example, humans (and mice) may therefore protein, from a single gene (34). Thus, al-
ternative splicing is likely to represent a major sourcehave only three times (�26,000–38,000) as many

gene as fruit flies (�13,600), twice as many as nema- of functional diversity and complexity in humans.
Because abnormality in splice site selection can pro-todes (19,000), and six times as many as yeast

(�6000) (1,20,21,121). Thus, it appears that com- foundly affect gene function, alternative splicing
must be rigorously regulated. In fact, approximatelyplexity arises to a large extent by increasing the net-

work of interactions between proteins rather than by 15% of the mutations in mammalian genes that have
been implicated in various diseases affect RNA splic-merely increasing the number of genes. Moreover, an

increase in size and number of the noncoding se- ing signals, linking abnormal splicing to cellular
transformation, Duchenne muscular dystrophy, andquences has significantly contributed to the increase

in the DNA content in more complex organisms. The tumor metastasis (22,54).
coding portion of the human genome, for example,
constitutes less than 1.5% of the entire genome. One
form of the noncoding sequences, introns, which in-

SPLICING
terrupt the coding sequences within genes, constitutes
24% of the genome. Approximately 85–95% of the The splicing machinery recognizes specific se-

quences around the intron boundaries: the 5′ splicegenes in fruit flies, mammals, nematodes, and plants
contain introns. Precursor messenger RNAs are spliced site, the branchpoint, the polypyrimidine tract, and
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the 3′ splice site. The architectures of known introns tant role in regulating splice site selection in pre-
mRNA splicing.are schematized in Figure 1A. Proper recognition of

these splicing signals is critical for accurate splicing.
Splicing of nuclear pre-mRNAs involves a stepwise
assembly of five (U1, U2, U4, U5, and U6 ) small ALTERNATIVE SPLICING
nuclear ribonucleoproteins (snRNPs) and several
other proteins onto a pre-mRNA to form a large com- Alternative splicing generates multiple RNA and

protein isoforms from a single gene. It involves useplex called the spliceosome (10,91,108). The assem-
bly begins with the binding of the U1 snRNP to the of alternative 5′ or 3′ splice sites, introns, and exons

within a single pre-mRNA. Alternative splicing is5′ splice site and the U2 snRNP to the branch site.
Subsequently, the U4/U5/U6 snRNPs join to form the widely used in many important biological processes,

including cell fate determination, programmed cellspliceosome. The ordered assembly of the spliceo-
some involves several rearrangements, including death, learning and memory, and sex determination

(116). For example, a subset of over 500 alternativelyRNA–RNA, protein–protein, and RNA–protein in-
teractions. Several of these rearrangements require spliced transcripts of the Slowpoke (slo) gene are ex-

pressed in a gradient along the basilar papilla in themembers of the SR family of proteins, ATPases,
RNA binding proteins, kinases, and RNA helicases inner ear of birds. These isoforms allow response to

various sound frequencies (82,93). Alternative splic-or unwindases.
In addition, the recently discovered minor class of ing can potentially generate more than 38,000 iso-

forms of the Drosophila homologue of human Downintrons is spliced by the U12-dependent spliceosome,
which includes U11, U12, U4ATAC, and U6ATAC syndrome cell adhesion molecule (DSCAM), which

functions as an axon guidance receptor. Finally, alter-snRNPs; the U5 snRNP is common to both spliceo-
somes (Fig. 1B) (10,131). The U2 and U12 spliceo- native promoter use and splicing can generate over

1000 isoforms of neuroxin mRNA from three differ-somes use both common and distinct proteins (126).
Following the assembly of the spliceosome, the ent genes that are important for synaptogenesis (111).

The multitude of these isoforms should provide ansplicing reaction involves two transesterification re-
actions within the catalytic center of the spliceosome underlying mechanism for the specificity of neural

connectivity.(76). During the first step, the 2′-hydroxyl group of
the branchpoint adenosine attacks the phosphodiester Sex determination in Drosophila is one of the best

understood examples of splicing regulation. In Dro-linkage at the 5′ splice site, leaving a 3′-hydroxyl at
the end of the first exon. During the second step, this sophila melanogaster, the key sex determining genes,

Sex-lethal (Sxl), transformer (tra), and double-sex3′-hydroxyl group attacks the phosphodiester linkage
at the 3′ splice site, leading to the joining of the two (dsx), are transcribed in an identical manner in both

sexes. However, their sex-specific alternative splicingexons and release of the lariat intron (Fig. 1C). Both
steps of splicing involve a direct SN2 type in-line nu- controls the sex of fruit flies (18,99) (Fig. 2). For

additional details on splicing, the reader is directedcleophilic attack. For example, an Sp phosphorothio-
ate (in which one of the nonbridging oxygens is re- to several excellent review articles (5,6,37,60,103).
placed by sulfur) at either splice junction undergoes
inversion of configuration to Rp isomer (76). It has
been shown that the spliceosome, like the self-splic- MECHANISMS OF ALTERNATIVE SPLICING
ing group II ribozyme, is a metalloenzyme (104,
105,130). This conclusion is based on metal specific- In a general sense, splicing regulation involves ac-

tivation of weak splice sites and repression of strongity switch experiments in which replacement of an
oxygen by a sulfur interferes with splicing in the splice sites. This involves regulatory sequences

within RNA through which trans-acting factors mod-presence of Mg2+ only, but addition of Mn2+ rescues
splicing. This is because Mn2+ coordinates sulfur well ulate splice site selection. From the known examples

of alternative splicing, it is becoming increasingly ev-but Mg2+ does not (13,29). Divalent metal ions play
important roles by promoting RNA folding, active ident that the majority of even simple decisions are

orchestrated by the combined action of multiple fac-site chemistry, or both (13,29). The fact that splicing
by the spliceosome and the self-splicing group II in- tors. These include cell type-specific factors as well

as those that are widely expressed. The issue of com-trons, which do not need proteins, are mechanistically
similar (76,86,105,125) led to the proposal that the binatorial control has been extensively discussed in a

recent review (103). The examples discussed belowspliceosome is an RNA-based and not a protein-
based enzyme, although this issue remains unre- demonstrate how multiple factors collaborate to con-

fer cell type specificity and compensate for the pau-solved (19,83). Regardless, proteins play an impor-
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Figure 1. Intron splicing signals and their recognition. (A) The 5′ splice site, the branch site, the polypyrimidine tract, and the 3′ splice site
consensus sequences are shown for both the U2- and U12-dependent introns. (B) Base pairing interactions between the splicing signals and
the U snRNAs for the U2- and U12-dependent introns are shown. (C) Two transesterification reactions. Arrows show step 1 and step 2 of
splicing. For clarity, only U snRNPs are shown. A, adenine; G, guanine; C, cytosine; U, uracil; T, thymine; R, adenine or guanine; Y,
cytosine or uracil.
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the polypyrimidine tract of exon 3 is stronger than
that of exon 2. Therefore, recruitment by U2AF of
the U2 snRNP to the branch site of exon 3 hinders
spliceosome assembly at the adjacent 5′ splice site,
leading to the splicing of exons 1 and 3 in most cell
types. The polypyrimidine tract binding protein
(PTB), which binds to the negative regulatory se-
quences flanking exon 3, blocks the splicing of exon
3 (35,58,102). In addition, the activation of exon 2
also requires positive regulators that bind to enhancer
sequences in this exon (28). Thus, differences in the
strengths of the two polypyrimidine tracts, involve-
ment of negative and positive regulators, and an
unusual positioning of the branchpoint control the
mutually exclusive splicing of exons 2 and 3 of α-
tropomyosin in a cell-specific manner.

The role of PTB as a splicing repressor has been
shown for several other pre-mRNAs: β-tropomyosin
(77), c-src (14,17,69), FRGR (12,47), glycine recep-

Figure 2. Sex determination pathway in Drosophila melanogaster. tor alpha 2 (88), MAP tau (124), GABA(A) receptor
Only the genes that are known to be relevant for alternative splic- gamma 2 (2), and α-actinin (106). PTB plays a dual
ing are shown. DSXM and DSXF are the male- and female-specific

role in the inclusion of exon 4 of the human calcito-forms of the DSX protein. Sex-lethal, Sxl; transformer, tra; dou-
blesex, dsx; male-specific lethal 2, msl2; and fruitless, fru. nin/calcitonin gene-related peptide (CT/CGRP) mRNA

by positively regulating polyadenylation and nega-
city of information in splicing signals, which are tively regulating splicing (62,63). A neuronal isoform
short consensus sequences. of PTB also plays an important role in the inclusion

of the neuron-specific exons that are present in the
Exon Exclusion by cis-Acting Sequence GABA(A) receptor gamma 2, clathrin light chain B,

The Drosophila gene Sxl is transcribed from two N-methyl-D-aspartate receptor NR1, and c-src pre-
promoters. The establishment promoter (Pe) responds mRNAs (69,133). Moreover, PTB has also been im-
to the X chromosome to autosome ratio early during plicated in translation regulation (114).
development and is active for a short period only in
females (18). These early transcripts skip by default 5′ Splice Site Switching
the mate-specific exon, which contains a translation
termination codon (Fig. 3A). The skipping most The SV-40 pre-mRNA uses alternative 5′ splice
likely involves the masking of the splice sites by sites for the synthesis of the large T antigen or the
RNA secondary structures (44,136). Later during de- small t antigen. The alternative splicing factor (ASF),
velopment, transcription switches to the maintenance which was also independently purified as a splicing
promoter (Pm), which is active in both sexes. How- factor (SF2), activates the proximal 5′ splice site. It
ever, the late transcripts include the male-specific likely facilitates the recruitment of the U1 snRNP to
exon by default. The mechanism by which this exon both 5′ splice sites, but the downstream splice site is
is excluded from the late transcripts in females is dis- favored because of its proximity to the 3′ splice site
cussed later. (32,53). In contrast, the heterogeneous nuclear ribo-

nucleoprotein A1 (hnRNP A1) promotes the use of
Mutually Exclusive Exons the distal 5′ splice site and exon skipping (7,11,

40,71,128) (Fig. 4A). The exact mechanism ofExons 2 and 3 of the α-tropomyosin pre-mRNA
are mutually exclusive: either exon 2 or 3 but not hnRNP A1 action, however, remains poorly under-

stood.both can be included in the processed mRNA. Nearly
all cell types select exon 3, but the smooth muscle The osmotic shock or the ultraviolet irradiation ac-

tivates the signaling cascade that phosphorylates andcells include exon 2 (78). The basis for this regula-
tion is that the branch site associated with exon 3 is relocalizes the hnRNP A1 protein from the nucleus

to the cytoplasm. The relocalization of hnRNP A1unconventionally located very close to the 5′ splice
site of exon 2 (Fig. 3B). The recognition of polypyri- activates proximal splice sites (119), which is consis-

tent with the role of hnRNP A1 in the activation ofmidine tract by the general splicing factor U2AF is
one of the earliest steps in spliceosome assembly and distal splice sites.
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Figure 3. Role of RNA cis elements in alternative splicing. (A) The early transcripts of the Sxl gene exclude the male-specific exon by
default (top). However, late transcripts include this exon by default (bottom). (B) Mutually exclusive exons. Recruitment of U2AF and U2
snRNP blocks the assembly of the spliceosome at the 5′ splice site of exon 2 (top). However, blockage of the 5′ and 3′ splice sites of exon
3 and activation of the 3′ splice site of exon 2 facilitate inclusion of exon 2 (bottom).

One of the few known examples of alternative the splicing regulation of MER3 (79) and SP070 (24).
However, the nature of the MER1 responsive elementsplicing in Saccharomyces cerevisiae is the MER2

protein, which is necessary for meiotic recombina- in these target mRNAs remained undefined. Re-
cently, Ares and coworkers have identified an in-tion. Synthesis of functional MER2 occurs only dur-

ing meiosis and involves removal of an intron. This tronic splicing enhancer (AYACCCUY, where Y is
pyrimidine) downstream of the 5′ splice site, whichprocess requires a meiosis-specific protein called

MER1. The 5′ splice site of the MER2 intron differs mediates MER1 response (107).
from the consensus sequence. Mutation of this 5′
splice site to the consensus or extension of the base 5′ Splice Site Repression
pairing between the 5′ splice site and the U1 snRNA
relieves dependence on the MER1 protein, suggesting The Drosophila transposon, P element, transposes

in the germline cells but not in the somatic cells. Thisthat MER1 facilitates an otherwise weak base pairing
interaction between the U1 snRNA and the 5′ splice is because intron 3 of the transposase pre-mRNA is

not removed in somatic cells, which prevents the syn-site (80,81). The MER1 protein is also required for
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Figure 4. Role of trans-acting factors in alternative splicing. (A) Alternative 5′ splice site selection of the SV-40 pre-mRNA by ASF/SF2
and hnRNP A1. (B) 5′ splice site repression of the Drosophila P element intron by a large complex assembled onto the pseudo 5′ splice
sites (F1 and F2) in somatic cells. (C) 3′ splice site switching of the tra pre-mRNA. SXL directly competes with U2AF for the NSS
polypyrimidine-tract/3′ splice and mediates 3′ splice site switching in females. (D) Exon exclusion by SXL during splicing autoregulation.
The binding of SXL to uridine-rich sequences in the flanking introns mediates skipping of the male-specific exon in its own pre-mRNA.
(E) 3′ splice site activation of the dsx pre-mRNA by TRA, TRA2, RBP1, and dSF2 proteins, which assemble on the exonic splicing
enhancers. The site of polyadenylation for female-specific transcripts is also shown. (F) Intron retention in msl2 by SXL, which is a negative
regulator. Removal of this intron in males requires TIA-1, which is a positive regulator. Alternative splicing patterns are shown by thin lines
below and above the transcripts. The names of the genes are indicated below the transcripts on the left. Boxes, exons; horizontal lines,
introns; STOP, translation termination codon.

thesis of transposase. Several factors, including the P U2AF65 has a higher affinity for the non-sex-specific
(NSS) polypyrimidine tract/3′ splice site rather thanelement somatic inhibitor (PSI) and hrp48 (a Dro-

sophila homologue of hnRNP A1), form a large com- the alternative, female-specific (FS) polypyrimidine
tract/3′ splice site. In addition, the proximity of theplex on nearby pseudo 5′ splice sites (Fig. 4B). This

complex prevents the accessibility of the U1 snRNP NSS polypyrimidine tract/3′ splice site to the 5′ splice
site also contributes to the default splicing pattern into the correct 5′ splice site in somatic cells (38,100).

Failure to form this nonproductive complex allows males. In females, the SXL protein mediates 3′ splice
site switching by specifically competing with theremoval of this intron and synthesis of transposase in

germline cells. binding of U2AF65 to the NSS polypyrimidine tract/
3′ splice, thereby diverting U2AF65 to the lower affin-
ity FS polypyrimidine tract/3′ splice site in vitro (Fig.3′ Splice Site Switching by Repression
4C) (117). The regulation of tra by SXL in vivo may
require additional interactions (129). The SXL bind-SXL controls the 3′ splice site choice of the tra

pre-mRNA. This allows the synthesis of functional ing site of tra is a uridine-rich sequence, which has
been extensively characterized by using multiple ap-TRA protein only in females, by skipping an in-frame

translation stop codon. The general splicing factor proaches [(101), and references therein].
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Exon Exclusion by trans-Acting Factors binding to uridine-rich sequences adjacent to both
splice sites (3,33,52,134). The spacing between the 3′

Once SXL is synthesized from the early transcripts splice site AG dinucleotide and the polypyrimidine
in females, which was discussed earlier, it maintains tract, which is one of the SXL binding sites, is also
its synthesis by feedback regulation. SXL binds to crucial for this regulation (30). Furthermore, binding
uridine-rich sequences present in the introns flanking of SXL to the uridine-rich sequences in the retained
its own male-specific exon, which has a translation intron blocks translation in females. Thus, SXL also
stop codon. The binding of SXL to these sequences controls msl2 expression at the level of translation by
allows exon skipping and thus continued synthesis of a nonsplicing mechanism.
functional SXL protein from the late transcripts (Fig. The splicing of msl2 is also under positive regula-
4D) (36,45,98). SXL regulation requires cofactors tion by the apoptosis promoting factor TIA-1, which
that are encoded by snf, fl(2)d, and vir genes (99); prefers uridine-rich sequences (25). TIA-1 binds to
the SNF protein is a component of both the U1 and the uridine-rich sequences downstream of the 5′
the U2 snRNPs and may be a direct target of SXL splice site to which SXL also binds. TIA-1 is required
(26). The amino-terminal domain of SXL is required for the activation of otherwise weak 5′ splice sites of
for the regulation of Sxl but not tra (36,122). Deletion msl2 as well as the human apoptotic gene Fas. TIA-
of the amino-terminal region of SXL can uncouple 1 shows structural and functional similarities with the
the splicing and translation regulation functions of Saccharomyces cerevisiae splicing factor Nam8, sug-
SXL (129). gesting conservation of splicing mechanisms in di-

Another example of this type of regulation is found verse processes such as meiosis, dosage compensa-
in the c-src gene in which a short exon (N1) of 18 tion, and programmed cell death (30).
nucleotides is excluded in nonneuronal cells and in-
cluded in neuronal cells. The PTB binding sites in
the introns flanking the N1 exon favor its exclusion ADDITIONAL WAYS TO REGULATE SPLICING
in nonneuronal cells. Several proteins, including a

There are also others ways to alter splice site
neuronal isoform of PTB (nPTB), KSRP, hnRNP F

choice.
and H, collaborate for the inclusion of N1 in neuronal
cells (15–17,69,73–75). Posttranslational Modification

The adenovirus encoded protein ORF4 promotes3′ Splice Site Switching by Activation
dephosphorylation and thus inactivation of the HeLa

In the absence of TRA, the Drosophila female-spe- SR protein, which controls the temporal shift in ade-
cific exon of dsx is skipped because it has a weak noviral alternative splicing (50). Similarly, phosphor-
polypyrimidine tract. However, in females TRA, ylation of the hnRNP A1 protein promotes its relocal-
along with other proteins (TRA2, RBP1, and dSF2), ization from the nucleus to the cytoplasm, which
binds to the exonic splicing enhancers (six 13-nucleo- activates proximal splice sites (119).
tide repeats and a purine-rich sequence) in the fe-

Protein Sequestrationmale-specific exon and activates an otherwise weak
3′ splice site (Fig. 4E). Improving the strength of this Expansion of the CUG repeat in the 3′ untranslated
weak polypyrimidine tract or shortening the distance region of the myotonic dystrophy, DM, gene seques-
between the 3′ splice site and the enhancer alleviates ters the conserved heterogeneous nuclear ribonucleo-
the requirement of TRA (42,66). Moreover, TRA also protein, CUG-binding protein (CUG-BP), which dis-
activates an alternative 5′ splice site in the fruitless rupts splicing and likely contributes to myotonic
pre-mRNA, which controls courtship behavior in dystrophy pathogenesis (87).
fruit flies (97).

Transcriptional Control
Intron Retention Transcription pausing can facilitate inclusion of an

exon that is normally skipped (92), and a promoter-Dosage compensation is a process by which essen-
specific RNA polymerase complex can modulate al-tially all heterogametic organisms equalize the ex-
ternative splicing by recruiting specific splicing fac-pression of their X-chromosome-linked genes. In
tors (ASF/SF2) to nascent transcripts (23).Drosophila, it involves hypertranscription of genes

on the single X-chromosome in males by several es-
RNA Editingsential factors, including the MSL2 protein (31,109).

SXL prevents the removal of the intron in the 5′ non- The double-stranded RNA-specific adenosine de-
aminase (ADAR2) autoregulates its own synthesis bycoding region of the msl2 transcripts by specifically
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mRNA editing. The conversion of an intronic adeno- number of binding sites for various regulators around
the splice sites.sine to inosine (AA to AI) generates a novel 3′ splice

site because an inosine mimics the guanosine of the
3′ splice site AG (96).

RECOGNITION OF THE
POLYPYRIMIDINE TRACT

EXON DEFINITION
In metazoans, the polypyrimidine tract present ad-

The mammalian exons are usually short (<300 nu-
jacent to the 3′ splice site is an important signal for

cleotides) and introns can be rather long, up to
both constitutive and regulated pre-mRNA splicing.

100,000 nucleotides. Thus, identification of exons or
Structure–function analysis has revealed important

splice sites can be very challenging for the splicing
insights into the molecular functions of two of

machinery. Normally, splicing factors bound at the 5′
the polypyrimidine tract binding proteins, U2AF

and the 3′ ends of an intron interact with each other
and SXL.

as a part of spliceosome assembly (interaction “b” in
Fig. 5). However, Berget and coworkers observed

Function of the Large Subunit of U2AF65

that a downstream 5′ splice site led to the activation
of a weak 3′ splice site upstream of an exon. This The large subunit of U2AF is essential for splicing

in vitro and viability in vivo (49,89,132,138). It rec-observation led to the proposal for “exon definition
model” in which molecular interactions across an ognizes a diverse array of polypyrimidine tracts and

has two functional domains: a carboxyl-terminalexon rather than across an intron can help initially
define splice sites (interaction “a” in Fig. 5) (4), al- RNA binding domain and an amino-terminal activa-

tion domain, which includes a region rich in argininethough once splice sites are selected, the spliceosome
assembly would proceed normally. The serine-argi- and serine residues (RS domain) (132). The RS

domain of U2AF65 functions at least in part by pro-nine-rich (SR) family of proteins plays an important
role in these cross-exon interactions (8,67,103,115). moting an otherwise weak base pairing between the

pre-mRNA branch site and U2 snRNA, which is anUnlike internal exons, which have both splicing
partners, the terminal introns lack one of the partners, essential step in splicing (113). Fusion of the activa-

tion domain of U2AF65 to the RNA binding domaineither the 5′ or the 3′ splice site. For the terminal
exons, interactions of the splicing machinery with the of SXL, a repressor, converted it into an activator

(117). U2AF also interacts with other splicing fac-nuclear cap binding complex at the 5′ end of mRNA
(interaction “c” in Fig. 5) (46,57) or with the polya- tors, UAP-56, U2AF35, BBP/mBBP, and SAP-155

(91). All of these activities of U2AF likely contributedenylation machinery at the 3′ end (interaction “d” in
Fig. 5) (64,84,85,112,123) could define the first and to the recruitment of the U2 snRNP to pre-mRNA.

Interestingly, the RS domain on either the largethe last splice sites, respectively. Although plant in-
trons are generally short, splicing of several Arabi- (dU2AF50) or the small (dU2AF38) subunit of the Dro-

sophila U2AF is sufficient for function (94,95), sug-dopsis introns is also thought to involve exon defini-
tion (61). In summary, several factors are expected to gesting a redundant role for the RS domain. The RS

(or SR) domain, which is present in several splicingdefine whether such initial interactions would occur
across exons or introns; for example, the strength of factors, is also known to mediate protein–protein in-

teractions (67,115).splicing signals, length of introns, and location and

Figure 5. Exon definition. For internal exons, initial recognition of the splice sites may be facilitated by interactions among splicing factors
either (a) across exons or (b) across intron. For terminal exons, initial recognition of the splice sites may involve interactions with either (c)
the cap binding complex at the 5′ end or (d) the polyadenylation machinery at the 3′ end. The vertical bars within box are splicing enhancers.
Circles and ovals are snRNPs, splicing factors/activators, cap binding complex, or polyadenylation machinery.
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Function of the Small Subunit of U2AF35 processes. Now there is ample evidence that several
of these cellular processes are, in fact, integrated. For

For several years, the function of the small subunit example, the splicing machinery communicates with
of U2AF (U2AF35) remained a mystery because the the transcription, capping, polyadenylation, and RNA
large subunit alone was found sufficient for U2AF export machineries (43,90,135). Moreover, the splic-
function in vitro. Recently, three independent groups ing process has been linked to nonsense-mediated
showed that the small subunit of U2AF contacts the mRNA decay (NMD), which is a surveillance system
3′ splice site AG. First, both subunits of U2AF are for discarding defective mRNAs (41,68). NMD tar-
required for binding to 3′ splice sites in C. elegans, gets the mRNAs that have an in-frame translation
which comprise a short polypyrimidine tract followed stop codon located upstream of the last exon–exon
by an AG dinucleotide (UUUUCAG) (137). Second, junction, suggesting a link to translation. Identifica-
the AG dinucleotide and the polypyrimidine tract of tion of several proteins—the splicing-associated fac-
msl2 are spaced apart, which is crucial for regulation. tors SRm160, DEK, and RNPS1, the mRNA shut-
The spacing reduces the affinity for U2AF, because tling protein Y14, and the mRNA export factor
of the missing contacts between the small subunit of REF—that are deposited at the site of splicing or the
U2AF and the 3′ splice site AG dinculeotide. Thus, exon–exon junctions and the human Upf proteins
SXL effectively competes with U2AF for intron re- could provide the link between splicing and sensing
tention (72). Third, an iterative selection–amplifica- of premature termination codons (51,55,56,65). In ad-
tion experiment revealed that the U2AF heterodimer dition, nonsense mutations were linked to exon skip-
selected a uridine-rich sequence followed by an AG ping or nonsense-mediated altered splicing (NAS)
dinucleotide from a random pool of RNA (127), but (27,118), suggesting a nuclear mechanism for stop
the large subunit alone selected only the uridine-rich codon recognition. However, Krainer and coworkers
sequence (102). Thus, U2AF35 appears to facilitate demonstrated that the NAS phenomenon for the
the recognition of the 3′ splice site AG dinucleotide BRCA1 gene results from the disruption of a splicing
and is likely relevant for the splicing of regulated 3′ enhancer in the exon, which argues against a nuclear
splice sites and the AG-dependent introns, which are reading-frame scanning mechanism (59). These exam-
characterized by weak polypyrimidine tracts (91). ples provide an overwhelming case for the integration

of various cellular processes at the molecular level.
Polypyrimidine Tract Recognition

Both SXL and U2AF65 contain ribonucleoprotein-
consensus RNA binding motifs (RNP-CS) (9,70). FUTURE CHALLENGES
This motif appears to be a versatile RNA binding fold

Availability of the entire genome sequences fromand recognizes various kinds of RNA targets—struc-
a number of organisms and of the powerful DNA mi-tured and unstructured (120). Whereas U2AF65 recog-
croarray technology provides an excellent opportu-nizes a wide variety of polypyrimidine tracts, SXL
nity and a challenge towards understanding the basisrecognizes specific polypyrimidine tracts. U2AF65

for splice site choice on a global rather than a singleand SXL appear to interact with the polypyrimidine
gene basis. This is particularly important because reg-tract differently, which may provide at least in part
ulation in more complex organisms involves a net-the basis for the different RNA binding specificities
work of interactions among multiple factors. Thus,of U2AF65 and SXL (101). The X-ray structure of
combinatorial control is likely to provide an impor-SXL with its target RNA (39) has offered the basis
tant source of versatility, specificity, and complexityfor polypyrimidine tract recognition, which is an un-
of gene regulation in more complex organisms.structured RNA sequence. In particular, extensive in-

tra- and intermolecular interactions with backbone
sugars and phosphates and with the N3 and O4 posi-
tions of several uracil residues provide at least in part ACKNOWLEDGMENTS
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